The present study assessed the acute effects of methadone and buprenorphine on actual on-road driving performance and neurocognitive function.
Introduction
Opioids are frequently prescribed for the treatment of pain. The global consumption of opioids was close to 12 billion of defined daily doses in 2016 [1] . Over the last 20 years, the global consumption has more than tripled and the share of synthetic opioids has increased to 39%. In addition, non-medical use of prescription opioids has been rising excessively. The large numbers of overprescription, abuse and overdose death have subsequently generated an opioid crisis, particularly in North America. In 2016, more than 42 000 persons died in the US as a result of an opioid overdose, including prescription opioids [2] . Between January 2016 and September 2017 there were close to 6000 opioidrelated deaths in Canada [3] .
Besides the overdoses, mortality among opioid users has also been associated with accidents related to driving under the influence. Epidemiological studies have shown a statistically significant association between opioid use and road traffic crashes [4] . A European case-control study that was conducted as part of the research project DRUID concluded that the average odds ratio of getting seriously injured or killed in an accident increased by a factor of 2-10 when driving under the influence of medicinal opioids. The latter is comparable to the risk of driving under the influence of alcohol at blood alcohol concentrations (BAC) of 0.5-0.8 mg ml À1 [5] .
Methadone and buprenorphine are opioids widely used as analgesics and in opioid maintenance treatment. In blood samples from drivers suspected of drugged driving in Norway in 2016, methadone was detected in 2% and buprenorphine in 3% of cases [6] . Approximately 26 000 persons used buprenorphine or methadone on prescription in Norway in 2016, 18 000 of which used buprenorphine as an analgesic patch [7] . Opioid prescription in Norway between 2014-2016 was 12 defined daily doses (DDD) per 1000 inhabitants per day [8] .
Methadone is a synthetic, long-acting opioid. Methadone acts primarily on μ-opioid receptors that are thought to be particularly important for analgesia, euphoria, respiratory depression, tolerance and dependence. A regular dose of methadone in pain treatment is 5-10 mg per os 3-4 times per day. Buprenorphine is a semi-synthetic partial opioid agonist/antagonist which binds to δ-receptors, μ-receptors and κ-receptors in the brain. Buprenorphine has a wide therapeutic range due to its agonist/antagonist effects, which limits its depressant effects especially on respiratory and cardiac functions. A regular dose of buprenorphine in pain treatment is 0.2-0.4 mg sublingual up to 3-4 times daily.
Although epidemiological studies indicate that opioid use increases crash risk among drivers, it is less clear whether driving impairment is caused by each and every opioid within this group. Traditionally, placebocontrolled studies have been employed to study differential effects of opioids on neurocognitive function and skills related to driving [9] . So far, experimental studies on the acute effects of methadone and buprenorphine on driving-related performance in opioid-naïve subjects have been inconclusive. Few studies on psychomotor and cognitive performance among healthy volunteers after administration of a single dose of methadone or buprenorphine have been performed [10] [11] [12] [13] [14] [15] [16] [17] . Only some of these indicated that methadone 5 mg per os and buprenorphine 0.3 mg sublingual produced psychomotor impairment in opioid naïve individuals [13] [14] [15] [16] . However, the clinical relevance of these findings is difficult to establish as these studies neither included a reference drug like ethanol, nor included standardized tests to assess impairment [18] [19] [20] .
Dedicated driving studies to determine and qualify the clinical relevance of drug effects on driver safety have been conducted for over 30 years by researchers in the Netherlands [21] . These studies employed a standardized on-road driving test that is conducted on a primary highway in normal traffic. The primary outcome parameter is standard deviation of lateral position (SDLP), a measure of road tracking performance. This measure has been shown to significantly increase in drivers who are exposed to acute or repeated doses of sedating drugs [21] and to be sensitive to BAC as low as 0.35 mg ml À1 [22] . Alcohol produced an exponential rise in SDLP with increasing BACs. The mean increment in SDLP (i.e. 2.5 cm) that was observed while driving with a BAC of 0.5 mg ml À1 has been defined as the minimal cut-off value to represent clinical relevance [23] . Recently, the on-road test was used to compare driving performance of chronic non-cancer pain patients who received chronic opioid therapy (e.g. hydromorphone, oxycodone and fentanyl) to that of matched controls. Driving performance of these patients did not significantly differ from that of controls indicating tolerance to certain opioid effects, although large interindividual variations were observed [24] . On-road studies assessing the acute effects of buprenorphine and methadone are still lacking. The aims of this study were to assess and compare the effects of methadone and buprenorphine on actual driving and cognitive and psychomotor performance in healthy volunteers. 
Methods

Subjects
Design and treatments
The study followed a five-way, double-blind, randomized, placebo-controlled, double-dummy, cross-over design to compare the acute effects of two single doses of methadone (5 and 10 mg per os) and buprenorphine (0.2 and 0.4 mg sublingual) with placebo. The minimum washout period between test days was 10 days.
Similar doses of methadone and buprenorphine have been administered to opioid naïve users in previous studies [13] [14] [15] [16] . The dose regimen of methadone frequently used for pain relief is 5-10 mg per os 3-4 times daily. Buprenorphine is used in pain treatment in doses of 0.2-0.4 mg sublingual up to 3-4 times daily. A single dose of buprenorphine 0.8 mg sublingual is equivalent to morphine 60 mg per os, while a single dose of methadone 20 mg per os is equivalent to morphine 60 mg per os [25] .
Methadone (methadone capsules and placebo capsules) and buprenorphine (buprenorphine sublingual tablets and placebo sublingual tablets) were purchased, blinded and labelled by University Pharmacy (Nijmegen, the Netherlands) and Tiofarma (Oud-Beijerland, the Netherlands), respectively, according to the Good Manufacturing Practice guidelines.
Procedure
When participants arrived, urine samples were screened for drugs by using the SureStep ™ Drug Screen Cup (Abbott, Abbott Park, IL, USA); a pregnancy test was performed using the Alere ™ hCG Cassette (Abbott), and breath alcohol was analysed using Dräger Alcotest 5000 (Drägerwerk AG & Co., Lübeck, Germany). Participants were asked to refrain from consuming caffeine (coffee, tea and soft drinks) on test days from awakening until the end of testing as well as alcohol intake from 24 h prior to test days. Participants were instructed to have a normal night of sleep before test days. This was assessed with the Groningen Subjective Quality of Sleep Questionnaire [26] . Drug screens assessed for the presence of methamphetamine, cocaine, THC, morphine, benzodiazepines and amphetamine in urine. On each test day participants received two capsules containing methadone or placebo and two sublingual tablets containing buprenorphine or placebo, according to a double-dummy procedure. Figure 1 provides a schematic overview of a test day.
Blood was collected using 5-ml Vacutainer ® tubes containing sodium fluoride (20 mg) and sodium heparin (143 IU) (BD Diagnostics, Franklin Lakes, NJ, USA).
Highway driving test
The on-road driving test was performed on a 100 km primary highway segment in normal traffic [21, 27] . Participants were instructed to drive with a steady lateral position within the right traffic lane at a constant speed of 95 km h À1 (60 mph).
A licensed driving instructor accompanied the driver. A specially instrumented vehicle was used to measure standard deviation of lateral position (SDLP in cm) or 'weaving', the primary outcome variable [28] , see Figure 2 . In addition to SDLP, the standard deviation of speed (SDSP) and mean lateral position (MLP) were measured.
Cognitive and psychomotor tests
The Psychomotor Vigilance Task (PVT) measured sustained attention by assessing the reaction time in response to a visual stimulus. The subject had to react to the onset of the counter as quickly as possible by pressing a response button [29] . Lapses were defined as a failure to react or any reaction exceeding 500 msec. The Critical Tracking Task (CTT) measured the ability to control an unstable error signal in a first-order compensatory tracking task [30] . Subjects were instructed to keep an unstable bar in the middle of a horizontal plane by counteracting or reversing its movements with the aid of a joystick. The frequency of cursor deviations at which the subject lost control is the critical frequency.
The Divided Attention Test (DAT) measured the ability to divide attention between two simultaneously performed tasks [31] . In the primary task, the subject performed the same tracking task as described above (CTT), yet at a constant level of difficulty set at 50% of his or her maximum capacity. In the secondary task, the subject monitored 24 peripheral displays in which single digits changed asynchronously at 5 s intervals. Subjects were instructed to remove their foot from a pedal as rapidly as possible whenever the digit '2' appeared.
The Useful Field of View Test (UFOV) included three increasingly difficult, visually presented subtests: stimulus identification, divided attention and selective attention [32] . The participants had to identify a target presented at a central fixation point on the screen, and the second and third subtest included peripheral simultaneous targets as visual distractors.
The Digit Symbol Substitution Test (DSST) measured executive attention and processing speed [33] . A computerized version was used [34] . The subject was required to match digits with a symbol from an encoding list as rapidly as possible by clicking the corresponding response button.
Postural Balance test (PBT) measured balance using the AMTI AccuSway System for Balance and Postural Sway Measurement (Advanced Mechanical Technology, Inc., Watertown, MA, USA) force platform [35, 36] . Postural sway was assessed in two trials (eyes open and eyes closed) by measuring the length of the path of the centre-of-pressure (COP), and the area of the 95% confidence ellipse enclosing the COP (A95).
Vienna Test System -Determination Test (DT/S1) measured resilience of attention and reaction speed under conditions of sensory stress. The task of the respondent was to identify various stimuli and to react to them by pressing the respective corresponding response buttons. This test presented the stimuli a little faster than would be optimal given the respondents' reaction speed, thus resulting in a condition of sensory stress. A simplified clinical test of impairment was performed [37] . The clinical test of impairment, used in Norway by medical doctors working for the police with suspects driving under the influence of drugs, consists of 25 tests and observations related to common signs of drug impairment [38] . Five subtests from the Norwegian clinical test of impairment were selected: gait-on-line test, turn-on-line test, finger-to-finger test, finger-to-nose test, and Romberg's test (standing steady on one leg for at least 5 s with arms stretched out and eyes closed) [37] . For each of the five subtests, the performance was measured and scored as either 'habitual', 'somewhat deviant' or 'deviant'. An overall impression of the subject, termed the 'global impression', being the sixth subtest, was graded as either 'not impaired', 'slightly impaired', 'moderately impaired' or 'obviously impaired'.
Subjective evaluations
Subjective evaluations of mood and apparent sedation were assessed by using a series of visual analogue scales (100 mm) [39] . Subjects rated their subjective feelings on a 16-item mood scale which provided three factor analytically defined summary scores for 'alertness', 'contentedness' and 'calmness'.
The Karolinska sleepiness scale is a subjective rating scale with scores that range from 1, 'extremely alert,' to 9, 'very sleepy, great effort to keep alert, fighting sleep' [40] . Reyner and Horne modified the original scale by adding verbal descriptions to intermediate steps, which do not have any descriptions in the original version [41] .
Safety assessment
During test periods, side effects either observed by the investigator or spontaneously reported by the subject were recorded.
Pharmacokinetics
Concentrations of methadone and buprenorphine in samples of whole blood were determined using ultra-highperformance liquid chromatography-tandem mass spectrometry (UHPLC-MS/MS) after 96-well supported liquid extraction [42] , which was slightly modified for the determination of methadone and buprenorphine by adding relevant calibration standards. The cut-off concentrations were 0.5 nM for methadone and 0.2 nM for buprenorphine.
Statistics
All measures were analysed using General Linear Model (GLM) univariate measures. The model included two fixed factors, i.e. Treatment (5 levels) and Time (2 levels), and a random factor for Subjects. Independent of the results of the main effect of treatment analysis, a drug-placebo contrast as well as low dose vs. high dose contrast for each opioid was performed. In addition, a non-inferiority analysis was conducted on SDLP data collected in the highway driving test to determine clinical relevance of drug-induced changes relative to placebo. For SDLP, non-inferiority between treatment and placebo was concluded if the upper limit of the 95% CI of the mean difference between drug and placebo was <2.5 cm. The latter criterion represents a clinically relevant change in SDLP as observed after a BAC of 0.5 mg ml À1 [23] . A power analysis showed that in order to detect drug effects of medium size (f = 0.25) on the within subject variable (SDLP), a total of 20 participants would be adequate, using a two-sided t-test with 95% power at a significance level of 5%. All statistical analyses were conducted using SPSS for Windows (version 25; SPSS Inc., Chicago, IL, USA).
Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www. guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY [43] , and are permanently archived in the Concise Guide to PHARMACOLOGY 2017/18 [44] .
Results
Failure to complete driving test and missing data
Driving tests had to be terminated prematurely on request of the participants six times (by four participants). In all cases, the participants told the driving instructor that they wanted to terminate the driving session because they felt too sleepy to continue driving. Driving tests were stopped twice during methadone 10 mg and buprenorphine 0.4 mg and once following buprenorphine 0.2 and placebo. Two subjects did not complete all treatment conditions. All data from the onroad driving test entered the analysis, except one prematurely terminated ride where driving data was collected for 6 min only (in the buprenorphine 0.2 mg condition). Extreme outliers, defined as deviating more than ±3 SD from the mean were removed from the respective parameter. In the PBT, three values were excluded in the eyes open condition, and five values in the eyes closed condition.
On several test days subjects were not able to complete neurocognitive tests because of side effects. These data were registered as missing data and were not included in the analysis. The number (%) of subjects that were unable to perform neurocognitive tasks were: PVT n = 3 (14%); CTT n = 5 (23%); DAT n = 7 (32%); DSST n = 4 (18%); DTS1 n = 7 (32%); UFOV n = 5 (23%); and PBT n = 10 (45%). Table 1 presents a summary of mean (SE) driving and cognitive test performances in all treatment conditions and their associated GLM statistics.
Highway driving test
Analysis of variance showed no significant main effects of Treatment on SDLP or standard deviation of speed (SDSP), but a significant effect on mean lateral position (MLP). Drug-placebo contrasts revealed that buprenorphine 0.4 mg significantly increased SDLP. Non-inferiority was shown for both methadone conditions as well as the low dose of buprenorphine. The high dose of buprenorphine Table 1 Mean (SE) driving and cognitive test performances in all treatment conditions and their associated General Linear Model (GLM) statistics Determination Test version S1 Acute effects of opioids on driving significantly increased SDLP relative to placebo, but the 95% CI did not include the criterion for clinical relevance at a BAC of 0.5 mg ml À1 . Mean changes in SDLP (95% CI) in all drug conditions are shown in Figure 3 .
Mean lateral position (cm)
+
Median reaction time (ms)
Cognitive tests
Significant Table 2 presents mean (SE) scores on questionnaires and the clinical test of impairment in every treatment condition and statistics for main effects, drug-placebo and low vs. high dose contrasts.
Questionnaires and clinical test of impairment
Main effects of treatment were observed for all parameters of the clinical test of impairment except the finger-to-nose test, the Karolinska sleepiness scale and the factors alertness and contentedness of the Bond and Lader scale. Main effects of Treatment × Time were only observed for ratings of sleepiness and alertness.
Drug-placebo contrasts showed that the low dose of methadone increased sleepiness, clinical impairment rating (on one parameter) and reduced alertness. The high dose also increased sleepiness, clinical ratings of impairment (on five parameters) and alertness. Levels of impairment did not significantly differ between both doses on any of these parameters.
The low dose of buprenorphine increased sleepiness, clinical ratings of impairment (on two parameters) and reduced alertness and contentedness. The high dose increased sleepiness, clinical ratings of impairment (on four parameters) and reduced alertness and contentedness. Sleepiness, loss of alertness and clinical ratings of impairment (on one parameter) were more pronounced after the high dose as compared to the low dose.
Side effects
No serious adverse events were observed during the study. The most frequently reported side effects were nausea, vomiting, dizziness and tiredness/sleepiness. A summary of the most frequently reported side effects is given in Table 3 .
Pharmacokinetics
Mean (±SD) methadone and buprenorphine blood concentrations are presented in Table 4 .
Discussion
In the current study the acute effects of methadone (5 mg and 10 mg) and buprenorphine (0.2 mg and 0.4 mg) on on-road driving, psychomotor and cognitive performance were assessed. A significant increase in SDLP (i.e. 1.12 cm) during highway driving was found after 0.4 mg of buprenorphine as compared to placebo. The low dose of buprenorphine as well as both doses of methadone did not affect on-road driving. The influence of both opioids on cognitive task performance was more prominent. Particularly the high doses produced performance impairments on several neurocognitive tests. In addition, both drugs increased levels of sleepiness, reduced alertness and increased ratings of clinical impairment. On-road driving data indicated that overall, the influence of methadone and buprenorphine were mild or even absent. Non-inferiority was shown for both methadone doses as well as the low dose of buprenorphine, relative to placebo. The high dose of buprenorphine significantly increased SDLP relative to placebo, but the 95% CI did not exceed the BAC (0.5 mg ml À1 ) criterion for clinical relevance. Mean lateral position (LP) differed significantly across treatments, mainly because mean LP was lower after the low dose of buprenorphine, relative to placebo. During this treatment condition, subjects chose a lane position that was slightly left of the lane centre. Mean LP is a control measure to check if subjects adhered to the instruction of driving in the centre of the lane. The current data thus indicated that subjects did not entirely adhere to that instruction during the lower dose of buprenorphine but instead chose to drive closer to the midline of the road. One can only speculate that the choice to drive closer to the middle line reflects risk-taking behaviour, a strategy for road tracking or other motivations. Driving impairment was sometimes noticeable at the individual level across treatment conditions. Four participants (18%) decided to prematurely finish their driving tests while under the influence of buprenorphine (on three occasions) and methadone (on two occasions) because of sleepiness while driving. This indicates large interindividual variations in driving performance of patients who receive opioid treatment, some of whom might be impaired whilst most are not. Individual differences in impairment levels might be associated to individual differences in drug concentrations, drug sensitivity and the presence of side effects that may affect driving. In contrast to the sparse impairments observed in the driving tests, all of the cognitive and psychomotor tests showed dose-related impairment during opioid treatment conditions as compared to placebo. Seven cognitive tests were included to measure skills related to driving, such as psychomotor speed (CTT, PVT, DSST, DAT), divided attention (DAT, UFOV), sustained attention (PVT), reaction speed (DTS1) and postural balance (PBT). The high doses of buprenorphine and methadone impaired performance in almost every cognitive test. The low doses of buprenorphine and methadone, on the other hand, only affected some parameters in the PBT, DAT and PVT and in the PBT, respectively. These findings are in line with previous research showing that methadone and buprenorphine can impair reaction time and attention [18] . For several tasks, a significant Treatment × Time interaction was observed indicating that opioid effects were more pronounced at 6 h post administration as compared to 2 h. This suggests that impairments levels may increase with increasing time on task due to tiredness.
Figure 3
Mean (95% CI) changes in standard deviation of lateral position (SDLP) relative to placebo, in every drug condition Table 2 Mean ( Participants indeed felt less alert and more sleepy during the final part of the test schedule. Buprenorphine and methadone furthermore increased sleepiness, ratings of clinical impairment and reduced alertness and contentedness. Well-known side effects of opioid use such as nausea and vomiting, sleepiness/tiredness and dizziness were frequently observed, and pronounced in some subjects. Concentration problems were reported by one subject only in the high dose buprenorphine condition. Two participants reported to experience euphoria, in the methadone condition. Frequently reported side effects such as sleepiness and reduced alertness might have contributed significantly to impairments of driving and neurocognitive function that were observed after both opioids.
Impairments observed during on-road driving and during neurocognitive testing in the present study are not necessarily inconsistent. Impairments of neurocognitive test performance and on-road driving were most prominent after the high dose of both opioids and virtually absent for the low dose. The impaired driving observed after the high dose of buprenorphine was less than that observed while driving with a BAC of 0.5 mg ml À1 . Likewise, when compared to alcohol, neurocognitive impairment observed in the DSST and DAT (i.e. reaction time) in the present study were equivalent to impairments previously observed at BACs between 0.2 and 0.8 mg ml À1 [45] . It has been demonstrated that the presence or absence of impairments in neurocognitive tests are relatively poor predictors of drug effects in the on-road test [46, 47] . In part, the lack of correlation between drug-induced impairment during on-road and neurocognitive performance might be explained by a lack of overlap in their underlying cognitive domains [20] . The SDLP of the on-road driving test primarily measures sustained attention and road tracking performance. As such, it measures operational performance that is highly overlearned and automated and which does not require higher order cognitive control that one typically observes during complex task performance as assessed with neurocognitive tasks of executive function [20, 48] . Alternatively, participants in the present study may have been able to compensate for their level of drowsiness to some degree Table 3 Side effects occurring in >2 subjects Table 4 Drug concentrations in whole blood in all opioid condition as a function of the time after administration (mean ± SD) (nM) when confronted with real-life risk situations such as driving in traffic. The need to compensate is less urgent when performing neurocognitive tests in a laboratory setting. A number of limitations of the current study should be considered. The driving tests were performed at the time at which the maximum concentration of drug in blood (T max ) is observed during the methadone conditions but slightly after the expected T max during buprenorphine. This could imply that driving impairment observed after buprenorphine might have been more pronounced when measured at T max . However, buprenorphine concentrations assessed prior to driving were very much in the range of the expected maximum concentration in blood (C max ), which indicates that the present buprenorphine data do represent impairment levels at maximal buprenorphine concentrations. In addition, many subjects suffered from adverse events that sometimes prevented data from being collected. Driving impairment in tests that were stopped prematurely might have progressively increased if the test had continued. Likewise, a number of cognitive tasks were never conducted because subjects were unable to perform the task. None of these 'missing' data contributed to performance measures that were established in this study. This could mean that the impairment levels observed in the present study might be an underestimation of impairment levels that can be expected in real life.
We conclude that overall, the influence of single analgesic doses of buprenorphine and methadone on actual driving performance were mild. Cognitive functions were somewhat more affected. At the group level, impairment was most evident following the high dose of buprenorphine but its magnitude was below the BAC (0.5 mg ml À1 ) criterion threshold of clinical relevance. For both drugs, more pronounced effects were found after the higher dose. At the individual level, however, four participants felt unsafe and discontinued their driving test while under the influence of buprenorphine or methadone. Based on these findings it is therefore impossible to state that use of buprenorphine and methadone will not impair driving in any patient. Consequently, patients should always be informed about the potential driving impairment that might be caused by buprenorphine and methadone.
